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Introduction {#s1}
============

Although radiation therapy is a common treatment for cancer patients, ionizing radiation (IR) produces reactive oxygen species (ROS) and is known to damage cellular components in healthy cells, leading to damaged bases and DNA breaks, resulting in chromosomal aberrations, mutagenesis, carcinogenesis, and cell death [@pone.0115600-Ward1], [@pone.0115600-Bernier1]. Not only are these effects responsible for causing radiation sickness and other toxic side effects in cancer patients treated with ionizing or proton radiation therapy, they are a particularly important consideration for first responders to nuclear accidents, astronauts on long-term space missions, or any other situation where individuals are exposed to radiation. Radiation exposure has been specifically linked to secondary cancers later in life [@pone.0115600-Cucinotta1]--[@pone.0115600-Newhauser1].

A central cellular mechanism for dealing with oxidative stress, including response to radiation, is through induction of the Nrf2/Antioxidant Response Element (ARE) pathway, which is responsible for detoxifying cellular insults. Nrf2 is a transcription factor that is normally bound by its cytoplasmic repressor Keap1, which acts as a molecular oxidative sensor. When the level of reactive species in a cell reaches a certain threshold, it changes cysteine residues on Keap1, inhibiting the ubiquitination and subsequent degradation of Nrf2. Newly synthesized Nrf2 is then unable to interact with Keap1, resulting in Nrf2 accumulation and phosphorylation until it translocates to the nucleus, where it binds to AREs in the genome. This results in transcription of multiple antioxidative and cytoprotective genes ([Fig. 1A](#pone-0115600-g001){ref-type="fig"}) [@pone.0115600-Ray1]. Interestingly, the Nrf2 pathway is commonly dysregulated in cancers, providing tumors added detoxifying potential against cellular insults [@pone.0115600-Mitsuishi1]--[@pone.0115600-Solis1]. To level the playing field and protect normal tissues post-IR, new therapeutic agents that enhance repair and neutralize ROS to mitigate the negative effects of radiation are needed. However, in order for these agents to be realistically efficacious, they cannot provide the same level of protection to cancerous cells.

![CDDO-Me activates the Nrf2 antioxidant pathway in epithelial cells.\
(A) Nrf2 Pathway: Nrf2 is a transcription factor normally bound by its cytoplasmic repressor Keap1, which acts as a molecular oxidative sensor and marks Nrf2 for degradation. When there is an abundance of reactive species in the cells, Nrf2 accumulates in the cytoplasm, eventually undergoing various phosphorylation events to translocate to the nucleus and bind to Antioxidant Response Elements (AREs) in the genome, resulting in the transcription of multiple antioxidative and cyto-protective genes. CDDO-Me acts by facilitating the dissociation between Keap1 and Nrf2, leading to Nrf2 activation. (B) Chemical structure of CDDO-Me: Oleana-1,9(11)-dien-28-oicacid, 2-cyano-3,12-dioxo-, methyl ester (RTA-402; bardoxolone-methyl). (C, D) CDDO-Me increases expression of ARE-driven luciferase 18 hours after drug treatment in HBEC 3KT and HME1, respectively. Firefly ARE-luciferase normalized to renilla control (RLU). Mean ± SEM of 6 replicates, \*p\<0.05 using paired t-test (between DMSO and drug). (E) CDDO-Me 10 nM activates heme oxygenase-1 (HO1, band observed at ∼32 kDa), NADPH dehydrogenase quinone (NQO1, band observed at ∼30 kDa), and peroxiredoxin (PRX1, band observed at ∼20 kDa), all downstream targets of Nrf2/ARE and peaking at approximately18 hours after treatment in HBEC 3KT.](pone.0115600.g001){#pone-0115600-g001}

The synthetic triterpenoid CDDO-Me (oleana-1,9 (11)-dien-28-oicacid, 2-cyano-3,12-dioxo-, methyl ester; bardoxolone-methyl) is a multifunctional and largely nontoxic antioxidant, anti-inflammatory modulator with the ability to activate cytoprotective pathways ([Fig. 1B](#pone-0115600-g001){ref-type="fig"}). This orally available drug can increase the activity of Nrf2/ARE in the low nanomolar range ([S1 Fig](#pone.0115600.s001){ref-type="supplementary-material"}.) [@pone.0115600-Honda1], [@pone.0115600-Liby1]. As the concentration of CDDO-Me increases into the micromolar range, it can induce differentiation and inhibit cell proliferation, eventually leading to cell death via apoptosis through IKK and NF-κB pathways [@pone.0115600-Liby2]. CDDO-Me has shown antitumor activity in lymphoma patients in a phase I human trial and prevents formation of estrogen receptor-negative mammary tumors in mouse models of breast cancer [@pone.0115600-Hong1], [@pone.0115600-Liby3]. Additionally, the ethylamide analogue of CDDO (CDDO-Ea) can prevent cancer progression in mouse models of lung and prostate cancer [@pone.0115600-Liby4], [@pone.0115600-Wang1]. Additional work by the Liby and Sporn group show that CDDO compounds activate Nrf2 downstream effectors, such as heme oxygenase-1 (HO1), as well as other pathways in both transgenic and wildtype mouse models [@pone.0115600-Liby3], [@pone.0115600-Liby5], [@pone.0115600-Liby6].

The radioprotective effects of triterpenoids have been well established. At doses that inhibit NF-κB, a CDDO analog significantly increases survival and decreases apoptosis in different tissues of lethally irradiated zebrafish embryos [@pone.0115600-Daroczi1]. CDDO-Ea has been demonstrated to stabilize and activate Nrf2 in the colons of mice exposed to acute lethal doses of ionizing radiation resulting in increased survival [@pone.0115600-Kim1]. Furthermore, CDDO-Me has been shown to be an effective radioprotector in human colonic epithelial cells [@pone.0115600-Kim1], [@pone.0115600-Eskiocak1].

The purpose of the current study was to determine the radioprotective effects of CDDO-Me in normal, non-cancerous human bronchial (HBECs) and mammary (HMECs) epithelial cells as well as in human lung and breast cancer cell lines. We established that while low dose CDDO-Me protected both normal HBECs and HMECs through an Nrf2-dependent mechanism, CDDO-Me provided no further induction of Nrf2 in human lung and breast cancer cells, nor did it protect these cancer cells against radiation-induced apoptosis. These results demonstrate that this orally available non-toxic radioprotector may have important medical implications for patients undergoing radiotherapy as well as individuals who might be exposed to occupational radiation.

Methods and Materials {#s2}
=====================

Cell Culture {#s2a}
------------

### Human lung - bronchial epithelial cells {#s2a1}

Human bronchial epithelial cells (HBECs) were obtained from central lung bronchi and immortalized using ectopic expression of human telomerase reverse transcriptase (hTERT; T) and cyclin-dependent kinase 4 (CDK4; K) as described previously [@pone.0115600-Ramirez1]. Experimentally transformed HBECs used in the present studies included overexpressing *KRas* ^V12^, *p53* knockdown via shRNA, and *myc* overexpression as previously described [@pone.0115600-Sato1]. Immortalized non-cancerous HBEC 3KT, HBEC 30KT, and the experimentally transformed HBECs were cultured at 37°C in 5% CO~2~ in Keratinocyte Serum Free Media (KSFM) (Gibco) containing 50 µg/mL of bovine pituitary extract and 5 µg/mL of epidermal growth factor on porcine gelatin-coated tissue culture dishes (Sigma Aldrich).

[Human breast - mammary epithelial cells]{.ul}: Human mammary epithelial cells (HME1) were immortalized by retroviral infection with hTERT and have a normal diploid karyotype (ATCC Cell Systems, Gaithsburg, MD). HMEC50 cells were originally derived from the noncancerous breast tissue of a female diagnosed with Li-Fraumeni syndrome (TP53 heterozygous) as previously described [@pone.0115600-Shay1]. All HMECs were cultured in serum-free conditions as previously described and were mycoplasma free and DNA fingerprinted [@pone.0115600-Shay2].

### Human cancer cell lines {#s2a2}

Non-small cell lung cancer (NSCLC) cells A549, H2009, HCC 2429, HCC 4017, H23, and HCC 15 were supplied by John Minna (Hamon Cancer Center, UT Southwestern Medical Center, Dallas, TX). The breast cancer cell line MDA-MB-231 was kindly provided by Michael White (Department of Cell Biology, University of Texas Southwestern Medical School, Dallas, TX). All cancer cell lines were cultured in basal medium supplemented with 10% Cosmic Calf Serum (Thermo Scientific) at 37°C in 5% CO~2~. All cell lines used in the present studies were mycoplasma free (e-Myco kit, Boca Scientific) and DNA fingerprinted (PowerPlex 1.2, Promega). All cells were compared to the complete database in our own collection and to that of ATCC. All cell lines are commercially available through the ATCC Cell Systems (Gaithersburg, MD).

### Human lymphocytes {#s2a3}

Peripheral blood mononuclear cells (PBMCs) were isolated via centrifugation from the buffy coat of whole blood donated by healthy human volunteers via venipuncture. Informed consent was obtained from each donor in accordance with the Declaration of Helsinki and approved by the Institutional Review Board at UT Southwestern Medical Center (Dallas, TX). Cells were stimulated using 1 ug/mL Lectin, PHA-L (EMD Biosciences) and cultured in suspension of RPMI-1640 media (Gibco) supplemented with 10% Cosmic Calf Serum (Thermo Scientific) at 37°C in 5% CO~2~.

### Mouse embryonic fibroblast (MEF) cells {#s2a4}

*Nrf2-*heterozygous (+/−) and *nrf2*-deficient (−/−) cells were the generous gift of Ralph DeBerardinis (Children's Medical Center Research Institute, UT Southwestern Medical Center, Dallas, TX) [@pone.0115600-RamosGomez1]. Cells were cultured in basal medium supplemented with 10% Cosmic Calf Serum (Thermo Scientific) at 37°C in 5% CO~2~.

Genetic Manipulations {#s2b}
---------------------

### Nrf2 knockdown {#s2b1}

Stable Nrf2 knockdown cells lines were established by infecting epithelial cells (HBEC 3KT and HME1) with a validated anti-Nrf2 shRNA expressing lentiviral vector (pGIPZ, OpenBiosystems) in the presence of 2 µg/mL Polybrene (Sigma).

Drug Treatment and Radiation {#s2c}
----------------------------

CDDO-Me (Reata Pharmaceuticals, Irving, TX) was dissolved in DMSO. Subconfluent cell cultures were treated with 10, 50, or 150 nM CDDO-Me. Experimental concentrations of CDDO-Me were determined based on cell toxicity for the different cell types (shown in [S2 Fig](#pone.0115600.s002){ref-type="supplementary-material"}.) and used at the lowest effective dose for each tissue type-cell. Drug was administered 18 hours prior to gamma radiation exposure using a ^137^Cs source at 243.08 cGy/min (University of Texas Southwestern Medical Center with dosimetry provided by physicists in the Department of Radiation Oncology). Control experiments were treated with solvent only.

ARE-Luciferase Reporter {#s2d}
-----------------------

Cells were co-transfected with pGL4.37 \[*luc2*/ARE/hygro\], and pGL4.73 \[*hRluc*/SV40\] as a transfection expression control using 3∶1 FuGENE HD according to the manufacturer's instructions (Promega). Briefly, cells were treated with drug 18 hours after luciferase transfection, and luciferase activity was measured using Dual-Glo Luciferase Assay (Promega) after another 18 hours. Each ARE-firefly luciferase value was normalized against Renilla luciferase.

Colony Formation Assays {#s2e}
-----------------------

Immediately following IR exposure, cells were trypsinized and seeded in triplicate in 10-cm dishes at clonogenic density (ranging from 100--1000 cells per dish) for colony formation assays. Ten days later, dishes were stained with a mixture of 6.0% glutaraldehyde and 0.5% crystal violet, and colonies (defined as clusters of \>50 cells) were counted. Cell survival measurements were fitted using a linear quadratic equation \[*SF* = exp (−α*D* − β*D* ^2^)\] (SF: surviving fraction; D: radiation dose in Gy) using GraphPad Prism, and dose-modifying factors (DMF) calculated for each as a measure of radioprotection as described [@pone.0115600-Pike1]. DMF less than 1.2 was considered the cutoff for significant protection.

Comet Assay {#s2f}
-----------

Alkaline comet assay (Trevigen) to detect DNA damage at 30 minutes post-IR was performed according to manufacturer's instructions. Twenty fields (200x magnification) were scanned continuously under a fluorescence microscope. Approximately 50 cells per condition were analyzed using OpenComet software [@pone.0115600-Gyori1]. Tail moment \[tail length × tail DNA %\] and tail DNA % values generated by OpenComet were analyzed as a measure of DNA damage.

Western Blot Analysis {#s2g}
---------------------

Cells were lysed in Laemelli SDS reducing buffer \[50 mM Tris-HCl (pH 6.8), 2% SDS, and 10% glycerol\], boiled, and separated by SDS/PAGE. The following antibodies were used: anti- HO1, -PRX1, -NQO1 (1∶1000; AbCam), anti- Nrf2 (1∶500 Santa Cruz; 1∶1000 Cell Signaling), anti-phospho-Nrf2 (1∶5000; AbCam), and anti--β-actin (1∶20,000; Sigma).

Proliferation Assay {#s2h}
-------------------

MEFs were treated with 50 nM CDDO-Me 18 hours prior to 10 Gy gamma radiation and counted at various times thereafter using an automated cell counter (TC20, Biorad) in the presence of typan blue to assess cell viability.

Viability Assays {#s2i}
----------------

CDDO-Me or DMSO was added to cells at 60% confluency, and cell viability was determined 48--60 hours later with CellTiter-Glo (Promega) as per manufacturer's protocols. Reported median lethal concentration (LC~50~) values are based on the average of two experiments with 6 replicates and calculated from dose-response curves generated with nonlinear regression in GraphPad Prism 6 (GraphPad Software, Inc).

Statistical Methods {#s2j}
-------------------

All significance values are p\<0.05, unless otherwise stated, and were calculated using two-sided t-tests between the treatment group and its appropriate control.

Results {#s3}
=======

CDDO-Me induces the Nrf2 pathway in non-cancerous HBECs and HMECs, but not breast and lung cancer cell lines {#s3a}
------------------------------------------------------------------------------------------------------------

To confirm that CDDO-Me ([Fig. 1B](#pone-0115600-g001){ref-type="fig"}) activates the Nrf2 pathway in the cells used, HBEC 3KT (Lung-3) and HME1 (Breast-1) transfected with the ARE-luciferase reporter were treated with CDDO-Me or DMSO. After 18 hours, CDDO-Me 10 nM significantly increased luciferase expression in lung, and 50 nM increased luciferase expression in breast (p\<0.05, paired t-test compared to DMSO control) ([Fig. 1C, D](#pone-0115600-g001){ref-type="fig"}). NSCLC cells tested, however, did not have increased ARE-luciferase after treatment with CDDO-Me ([S3 Fig](#pone.0115600.s003){ref-type="supplementary-material"}.). Additionally, protein lysates collected at various times after CDDO-Me 10 nM treatment of normal Lung-3 cells showed an increase of Nrf2/ARE downstream targets, including heme oxygenase (HO1), NADPH dehydrogenase quinone (NQO1), and peroxiredoxin (PRX1) ([Fig. 1E](#pone-0115600-g001){ref-type="fig"}; [S1 Fig](#pone.0115600.s001){ref-type="supplementary-material"}.). Expression of these downstream enzymes peaks around 18 hours. For this reason, an 18-hour pre-treatment with CDDO-Me was used for all subsequent radioprotection experiments.

Pre-treatment with CDDO-Me decreases IR-induced DNA damage in bronchial and mammary epithelial cells as well as in PBMCs {#s3b}
------------------------------------------------------------------------------------------------------------------------

Alkaline comet assays were performed on lung and breast epithelial cells 30 minutes after radiation to determine if CDDO-Me protected against IR-induced DNA damage. Since many of the adverse effects of radiation occur in the blood, peripheral blood mononuclear cells (PBMCs) were assessed to determine if CDDO-Me also rescued human lymphocytes against IR-induced DNA damage. We found that pre-treatment with CDDO-Me protected all three non-cancerous cell types against radiation-induced DNA damage as seen by significantly decreased tail moments using the alkaline comet assay in PBMCs ([Fig. 2C](#pone-0115600-g002){ref-type="fig"}) as well as HBEC 3KT and HME1 ([Fig. 2A, B](#pone-0115600-g002){ref-type="fig"}) (\*p\<0.05, t-test compared to 3 Gy DMSO control). The partial protection of human lymphocytes with CDDO-Me is particularly important since significant hematological toxicities are associated with radiation therapy for lung and breast cancers [@pone.0115600-Casas1].

![Pre-treatment with CDDO-Me decreases IR-induced DNA damage in a variety of non-cancerous cells.\
CDDO-Me decreases radiation-induced DNA damage in the alkaline comet assay in bronchial and mammary epithelial cells as well as human lymphocytes. (A) HBEC 3KT, (B) HME1, and (C) PBMCs were treated with CDDO-Me 18 hours prior to IR, then mounted on slides 30 min post-IR. Data analyzed and calculated using Open Comet software \[tail moment = tail length x tail DNA percentage\]. Mean ± SEM of \>50 cells per condition, \*p\<0.05 using t-test (compared to 3 Gy DMSO). \*\*p\<0.01, using T-test (compared to 0 Gy DMSO).](pone.0115600.g002){#pone-0115600-g002}

CDDO-Me is a significant radioprotective countermeasure in normal epithelia {#s3c}
---------------------------------------------------------------------------

To determine the potential radioprotective effects of CDDO-Me, clonogenic survival assays post-IR was assessed in multiple immortalized but non-cancerous bronchial (HBEC 3KT, 30KT) and breast (HME1, HMEC 50) epithelial cells. Since epithelial cells are more sensitive to the cytotoxic effects of CDDO-Me compared to other malignant cell types ([S2 Fig](#pone.0115600.s002){ref-type="supplementary-material"}.), normal breast and lung cells were pre-treated with low nanomolar concentrations before exposure to 3 Gy radiation to determine the lowest effective radioprotective dose (10--50 nM for lung, 50--150 nM for breast) ([Fig. 3A](#pone-0115600-g003){ref-type="fig"}; HBEC 30KT in [Fig. 4F](#pone-0115600-g004){ref-type="fig"}). Both cell types, when exposed to CDDO-Me 18 hours prior to IR, had an increase in clonogenic survival when compared to DMSO treated cells (HBEC 3KT, DMF = 1.32; HBEC 30KT, DMF = 1.47; HME1, DMF = 1.34; HMEC 50, DMF = 1.28) ([Figs. 3B--D](#pone-0115600-g003){ref-type="fig"} and [Fig. 4D](#pone-0115600-g004){ref-type="fig"}). The DMFs observed with CDDO-Me are greater than most standard radioprotective agents currently used, including amifostine [@pone.0115600-Andreassen1], [@pone.0115600-Wasserman1]. This demonstrates that CDDO-Me is a potent radioprotective agent when given before IR in lung and breast epithelial cells.

![CDDO-Me is a potent radiation countermeasure in bronchial and breast epithelial cells, and Nrf2 knockdown abrogates these radioprotective effects.\
(A) Normal breast and lung epithelia are radioprotected at multiple doses of CDDO-Me. Cells were treated with drug 18 hours before exposure to 3 Gy gamma IR, then seeded immediately into clonogenicity. Colonies grown for ∼14 days before fixation with 6% glutaraldehyde/0.5% crystal violet stain. Mean ± SEM of four experiments seeded in triplicate, \*p\<0.05, \*\*p\<0.001 using t-test (compared to DMSO at 3 Gy). (B, C) HMEC and (D) HBEC cells pre-treated with 10 nM CDDO-Me have a significant increase in clonogenic survival. (E) HBEC 3KT with sh-Nrf2 see no radioprotection when pre-treated with CDDO-Me. Clonogenic survivals, mean ± SEM with linear-quadratic fit curve of four experiments seeded in triplicate. (F) Nrf2 knockdown cells have a ∼90% decrease of Nrf2 activity compared to non-silencing control, with diminished basal and CDDO-Me-induced ARE-luciferase activity. Mean ± SEM of six replicates, \*p\<0.05, \*\*p\<0.01, t-test (compared to non-silencing control).](pone.0115600.g003){#pone-0115600-g003}

![CDDO-Me radioprotection decreases with progressive oncogenic manipulations in HBECs and in a matched NSCLC line.\
Isogenic oncogenic progression in HBEC 3KT. Immortalized HBECs with (A) lenti-*KRas* ^V12^, (B) lenti-*KRas* ^V12^ and sh*p53* knockdown, and (C) lenti-*KRas* ^V12^, sh*p53*, and *myc* overexpression. Only lenti-*KRas* ^V12^ cells are still moderately protected by CDDO-Me, but further oncogenic changes eliminate the radioprotective effects of CDDO-Me. (D) HBEC 30KT are protected by CDDO-Me. (E) HCC 4017, a NSCLC isolated from the same patient from which HBEC 30KT was derived, are unprotected by CDDO-Me. (F) Increasing concentrations to 50 nM still enhances clonogenic survival of HBEC 30KT, but actually seems to decrease survival in HCC 4017 after 3 Gy radiation. Mean ± SEM of three experiments seeded in triplicate, \*\*p\<0.01, t-test (compared to DMSO at 3 Gy).](pone.0115600.g004){#pone-0115600-g004}

Nrf2 knockdown eliminates radioprotective effects of CDDO-Me {#s3d}
------------------------------------------------------------

To confirm that Nrf2 is the mechanism through which CDDO-Me protects epithelial cells, clonogenic survival post-IR was assessed in cells stably expressing Nrf2 shRNA (shNrf2). Lung-3 cells with shNrf2 knockdown are not significantly radioprotected by CDDO-Me pretreatment (DMF = 1.14) ([Fig. 3E](#pone-0115600-g003){ref-type="fig"}), whereas cells with intact Nrf2 have increased survival when treated with CDDO-Me ([Fig. 3D](#pone-0115600-g003){ref-type="fig"}; data for breast not shown). Nrf2 knockdown cells have decreased basal and induced expression of Nrf2 as evidenced by ARE-luciferase reporter expression when compared to an shRNA non-silencing control (\*p\<0.05, \*\*p\<0.01, t-test) ([Fig. 3F](#pone-0115600-g003){ref-type="fig"}). This indicates the Nrf2 pathway is integral to CDDO-Me radioprotection in normal epithelia.

As additional evidence that Nrf2 is necessary for CDDO-Me radioprotection, survival and viability after a sub-lethal doses of IR was assessed in *nrf2*-deficient or *nrf*-heterozygous mouse embryonic fibroblasts. Pretreatment with CDDO-Me increased the percentage of viable *nrf2*+/− cells 48 hours post-IR, but did not protect *nrf2*−/− cells ([S4-A Fig.](#pone.0115600.s004){ref-type="supplementary-material"}). Additionally, cells with deficient *nrf2* die faster compared to heterozygous cells ([S4-B Fig.](#pone.0115600.s004){ref-type="supplementary-material"}). These findings further corroborate the notion that Nrf2 is necessary for both responses to radiation as well as protection by CDDO-Me.

Oncogenically progressed HBECs, NSCLCs, and breast cancer cells are not protected by CDDO-Me {#s3e}
--------------------------------------------------------------------------------------------

In order to determine if experimentally cancer progressed human epithelial cells and cancer cell lines are also protected by CDDO-Me, clonogenic survival post-IR was assessed using an isogenic series of cell lines with progressive oncogenic manipulations. HBEC 3KT with *KRas* overexpression were still protected from radiation with CDDO-Me (Lung-3+lenti-*KRas* ^V12^, DMF = 1.35) ([Fig. 4A](#pone-0115600-g004){ref-type="fig"}). When additional changes were introduced, including *p53* knockdown and *myc* overexpression, protection from CDDO-Me was lost (Lung-3+lenti-*KRas* ^V12^+sh*p53*, DMF = 0.88; Lung-3+lenti-*KRas* ^V12^+sh*p53*+*myc*, DMF = 0.92) ([Fig. 4B, C](#pone-0115600-g004){ref-type="fig"}).

To further show that CDDO-Me only protects non-malignant cells, we performed clonogenic survivals in a lung cancer line (HCC 4017), which has a matched HBEC (Lung-30) derived of normal, non-cancerous tissue from the same patient. Importantly, while normal Lung-30 was protected by 10 nM CDDO-Me (HBEC 30KT, DMF = 1.47) ([Fig. 4D](#pone-0115600-g004){ref-type="fig"}), the tumor cell line from the same patient was not protected (HCC 4017, DMF = 1.06) ([Fig. 4E](#pone-0115600-g004){ref-type="fig"}). Furthermore, increasing the concentration to 50 nM CDDO-Me decreases survival after radiation to HCC 4017 cells while still providing radioprotection to Lung-30 cells ([Fig. 4F](#pone-0115600-g004){ref-type="fig"}). This is a promising result since CDDO-Me appears to specifically provide protection to normal, noncancerous human cells, thus supporting the use of such radioprotectors prior to radiation therapy for cancer patients.

We also tested various other NSCLC cells and a breast cancer cell line for potential radioprotection with CDDO-Me. The basal radiosensitivity (SF~2~) increases in Lung-3 (HBEC 3KT) with each additional oncogenic manipulation, indicating that these cells become more radio-resistant during the stepwise mutations that lead to cancer, whereas Lung-30′s (HBEC 30KT) matched tumor line is actually more sensitive to radiation ([Table 1](#pone-0115600-t001){ref-type="table"}). Since NSCLCs are heterogeneous in their radio-responsivity, we tested a range of radio-sensitive and resistant lines (indicated by the surviving fraction of cells at 2 Gy \[SF~2~\]), as well as NSCLCs containing a variety of different mutations ([Table 1](#pone-0115600-t001){ref-type="table"}). NSCLCs pretreated with the same concentration of CDDO-Me that protected normal lung epithelial cells (10 nM) were not protected from radiation, regardless of radiosensitivity or mutation status (A549, DMF = 0.95; H2009, DMF = 0.92; HCC2429, DMF = 1.08; data for HCC 15 and H23 not shown) ([Fig. 5A--C](#pone-0115600-g005){ref-type="fig"}). This indicates that multiple oncogenic alterations have an effect of both radiation response as well as protection by CDDO-Me.

![NSCLC and breast cancer cells are not protected with CDDO-Me.\
Clonogenic survivals show that (A) A549, (B) H2009, and (C) HCC 2429 are not protected when pretreated with the same concentration of CDDO-Me (10 nM) that protected HBEC cells. (E) Even higher concentrations of CDDO-Me are not protective of cancer cells after 3 Gy radiation, including MDA-MB-231 breast cancer line. However, 150 nM CDDO-Me significantly decreases the clonogenic survival of MDA-MD-231 cells after exposure to 3 Gy radiation. Mean ± SEM of three experiments seeded in triplicate, \*\*p\<0.01, t-test (compared to DMSO at 3 Gy).](pone.0115600.g005){#pone-0115600-g005}

10.1371/journal.pone.0115600.t001

###### Panel of cell radiosensitivity and mutation status.

![](pone.0115600.t001){#pone-0115600-t001-1}

  Cell Line                                                                 SF~2~         *KRas*            *p53*                          *Keap1*
  ---------------------------------------------------------------------- ----------- ---------------- ----------------- ----------------------------------------------
  **HBEC 3KT**                                                            **0.487**         wt               wt                               wt
  **HBEC 3KT +** ***KRas^V12^***                                          **0.474**       **X**              wt                               wt
  **HBEC 3KT** **+** ***KRas^V12^*** **+sh** ***p53***                    **0.650**       **X**             **X**                             wt
  **HBEC 3KT** **+** ***KRas^V12^*** **+sh** ***p53*** **+** ***myc***    **0.702**       **X**             **X**                             wt
  **HBEC 30KT**                                                           **0.442**         wt               wt                               \-
  **HCC 4017**                                                            **0.321**      **mut**       **mut** (C833A)                        wt
  **A549**                                                                **0.771**   **mut** (G34A)         wt          **mut** (G333C);constitutive Nrf2 activation
  **H2009**                                                               **0.615**   **mut** (G35C)   **mut** (G818T)                        wt
  **HCC 2429**                                                            **0.514**         wt         **mut** (G800A)                        wt
  **HCC 15**                                                              **0.484**         wt         **mut** (A776T)                        wt
  **H23**                                                                 **0.053**      **mut**           **mut**              **mut**; Nrf2 still inducible
  **HME1**                                                                **0.528**         wt               wt                               wt
  **HMEC 50**                                                             **0.659**         wt             **mut**                            \-
  **MDA-MB-231**                                                          **0.452**   **mut** (G38A)   **mut** (G839A)                        wt

A summary of all cell lines used in the present study. Surviving fraction of cells at 2 Gy (SF~2~) is used as a metric of radio-sensitivity, with SF~2~\>0.6 considered a "resistant" line and SF~2~\<0.4 considered a "sensitive" line. Mutation status of *KRas*, *p53*, and *Keap1/Nrf2* is listed as either wildtype (wt) or mutated (mut) as determined by full exon sequencing (John Minna and Adi Gazdar, UT-Southwestern Medical Center, Dallas, TX, personal communications). A mutation is present in Keap1 in the NSCLC H23 cell line (personal communications with Brandon Probst, Reata Pharmaceuticals). "X" indicates experimentally manipulated gene expression.

Since cancer cell lines can generally survive in higher concentrations of CDDO-Me when compared to normal epithelial cells ([S2 Fig](#pone.0115600.s002){ref-type="supplementary-material"}.), we also treated the malignant cells with higher concentrations of CDDO-Me to confirm that cancer cells would not be protected at higher doses of CDDO-Me. Even concentrations up to 150 nM were not sufficient to protect NSCLC, including HCC 15 and H23 (data not shown), nor did it protect MDA-MB-231, a breast cancer cell line ([Fig. 5D](#pone-0115600-g005){ref-type="fig"}). This demonstrates that the same low nanomolar concentrations of CDDO-Me that protect normal epithelial cells are highly unlikely to be protective in malignant cells.

Discussion {#s4}
==========

When cancer patients undergo radiation therapy, the relationship between radiation dose and tumor response generally follows a dose-response curve. Unfortunately, normal tissue damage follows an even steeper increase with increasing radiation dose [@pone.0115600-Radford1]. Long-term effects and toxicity for the patient caused from normal tissue damage limit the total dose that can be administered, and for this reason, widening the therapeutic margin has been and remains a crucial goal in the radiation oncology field. In this study, we show that CDDO-Me selectively protects normal non-cancerous lung and breast epithelial cells while leaving tumor cells unprotected against radiation, resulting in a potentially higher therapeutic window for current standards of care radiotherapy.

In order for a radioprotector to be classified as such, or to be used with conventional radiotherapeutic doses, it is critical that the agent be able to be administered in optimal dosing, have low toxicity, and most importantly, not protect tumor cells. The current standard for acute radiation exposure is amifostine, a hydrophilic phosphorothioate compound that does not readily cross cell membranes, must be converted to an active metabolite, and can only be administered intravenously [@pone.0115600-Andreassen1]. The radioprotection amifostine provides varies greatly depending on the oxygen content and tissue type, with lung protection factors being amongst the lowest (DMF = ∼1.2). In addition, amifostine has high cytotoxic activity against normal cells and has serious side effects such as hypotension and neuropathies [@pone.0115600-Andreassen1]. In contrast, we found that CDDO-Me is much more effective in protecting both normal lung and breast epithelial cells (average DMF = ∼1.35). Since CDDO-Me is orally available with a low toxicity profile, this makes it a more attractive option as a radioprotector, especially when only given short term.

Not only is CDDO-Me a potent radioprotective countermeasure in epithelial cells, but we show in this study that CDDO-Me can significantly protect human lymphocytes from radiation-induced DNA damage. This is a particularly promising result considering that damage to the hematopoietic system is often one of the main dose-limiting toxicities of radiation therapy, with anemia, bleeding, and infections being common [@pone.0115600-Casas1]. Furthermore, the long-term negative consequences of radiation include development of secondary leukemia and lymphomas later in life [@pone.0115600-Meadows1]. Since we demonstrate that CDDO-Me has radioprotective effects against human blood lymphocytes, this is one more added benefit of CDDO-Me that may help protect persons exposed to radiation.

Since Nrf2 is necessary for CDDO-Me to exert its protective effects on epithelial cells, it is necessary to point out that even cells with Nrf2 knockdown have a small amount of Nrf2 activity, and these cells are still induced by CDDO-Me. Similar effects have been observed in other studies [@pone.0115600-Kim1], but since there is never a 100% decrease of Nrf2 with shRNA knockdowns, there may be residual Nrf2 even in the sh-Nrf2 cells. Since the Nrf2 protein is extremely difficult to assay directly, the exact quantification of knockdown level is determined either through quantitative RT-PCR or Western Blot of downstream markers (∼60% knockdown, data not shown), or using a reporter, such as the ARE-luciferase (∼90% knockdown, shown in [Fig. 3F](#pone-0115600-g003){ref-type="fig"}). Since there is still some Nrf2 leftover in these cells, this may partially explain why the Nrf2/ARE pathway is still partially inducible by CDDO-Me in knockdown cells, but this induction may not be sufficient to exert a protective effect. To confirm the importance of the Nrf2 signaling pathway in the radioprotection observed, we demonstrate that mouse cells with complete *nrf2*-deficiency are unprotected by CDDO-Me. It is important to point out that CDDO-Me is likely activating other additional compensatory pathways.

When radiation exposure produces large amounts of reactive species in cells, Nrf2/ARE is not the only pathway activated. Radiation has been shown to stabilize hypoxia inducible factor (HIF-1α) by activating p38 MAPK and resulting in the decreased half-life of its E3 specific ligase, protein von Hippel-Lindau [@pone.0115600-Kim2]. There have been reports that amifostine induces HIF-1α in both cell culture and mouse tissues [@pone.0115600-Koukourakis1]. Thus, reactive species produced by radiation may mimic and affect multiple pathways simultaneously, including the Nrf2/ARE and HIF/HRE pathways.

Although CDDO-Me is a potent radioprotector for normal, non-cancerous cells, it did not protect any of the cancer cells tested in these studies. Interestingly, c-myc has been identified as an Nrf2-interacting protein [@pone.0115600-Levy1], but a single mutation is unlikely responsible for loss of CDDO-Me effects. This is clearly demonstrated with the experimentally manipulated gene expression in the isogenic HBEC system--immortalized HBECs with lenti-*KRas* ^V12^ and sh*p53* knockdown are not protected regardless of whether or not the cells have *myc* overexpression. Additionally, some of the NSCLC cells with intact *KRas* or *p53* yet are not protected by CDDO-Me, indicating that multiple oncogenic changes are required to confer resistance to CDDO-Me radioprotection.

There are published reports showing that higher doses of CDDO-Me and other triterpenoids (above 1 µM) can inhibit cancer cell growth and induce cancer cell death in a multitude of cancer types [@pone.0115600-Wang1], [@pone.0115600-Shanmugam1]. The flip side, however, is that these higher doses also inhibit the growth and affect the viability of normal cells ([S2 Fig](#pone.0115600.s002){ref-type="supplementary-material"}.). In the nanomolar range used in these experiments (up to 150 nM), we did not observe any decreases in proliferation or increased cell death in NSCLC cell lines in the absence of radiation treatment that would be expected at higher concentrations. While we do not show any significant chemo-preventative effects of CDDO-Me in the lung, there are indications slightly higher doses (\>150 nM) of CDDO-Me may act as a radiosensitizer in some lung and breast cancer cells. Most promisingly, we did not observe any radioprotective effects in cancer cells, even when the doses were increased.

The original phase II clinical trial using CDDO-Me for treatment of diabetic kidney disease used doses ranging from 25--150 mg daily [@pone.0115600-Pergola1]. While these doses are not toxic as a one-time treatment, they have the potential to accumulate over time as almost all patients experienced some side effects over the course of 52 weeks [@pone.0115600-Pergola1]. However, our present series of experiments utilized low nanomolar concentrations of CDDO-Me as a one-time treatment, allowing patients to conceivably be treated for a short period before radiation exposure and minimizing potential long-term toxicities.

CDDO-Me, and other compounds in the same triterpenoid family, have been shown to have chemoprotective properties in addition to radioprotective properties [@pone.0115600-Liby7]. Many chemotherapeutic drugs used for lung cancer, such as paclitaxel and carboplatin, induce DNA damage and produce ROS; these effects can be detrimental to healthy non-cancerous cells. Damage to rapidly dividing cells (bone marrow, gastrointestinal tract, and skin) often results in radiation-induced toxicities. For this reason, the use of CDDO-Me could be expanded as a potentially effective chemoprotective agent. Ideally, CDDO-Me can be given short-term to cancer patients undergoing radiation or chemotherapy to increase the therapeutic margin, resulting in better outcomes and less toxicity.
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**CDDO-Me increases Nrf2 protein over time. (A)** Protein levels of phosphor-Nrf2 (band observed at ∼120 kDa) and total Nrf2 (bands observed at ∼68, 75 kDa) after treatment with 10 nM CDDO-Me in HBEC 3KT.
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Click here for additional data file.

###### 

**Epithelial cells are more sensitive to CDDO-Me when compared to cancer cells.** Cell Titer Glo toxicity curves of various (A) NSCLCs and (B) immortalized epithelial cell lines, respectively. Cells were treated with drug and after 48--60 hours, percentage of living cells measured using Cell Titer Glo assay and normalized to untreated cells. Cancer cells can withstand higher doses (average LD~50~ = 2 µM), whereas epithelial cells are more sensitive to toxicity: lung (LD~50~ = 70 nM) and breast (average LD~50~ = 250 nM). Values are based off two experiments of six replicates.
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Click here for additional data file.

###### 

**CDDO-Me does not increase activation of Nrf2/ARE pathway in NSCLCs.** CDDO-Me does not affect expression of ARE-driven luciferase 18 hours after drug treatment in (A) A549, (B) H2009, (C) HCC 2429, and (D) HCC 4017. Firefly ARE-luciferase normalized to renilla control (RLU). Mean ± SEM of six replicates.
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###### 

**CDDO-Me protects** ***nrf2*** **-heterozygous but not** ***nrf2*** **-deficient mouse embryonic fibroblast (MEF) cells from 10 Gy radiation.** (A) Viable cells counts 48 hours post-IR show that 50 nM CDDO-Me increases the number of living *nrf2*+/− MEFs approximately 2-fold compared to cells treated with DMSO, whereas *nrf2*−/− MEFs are unprotected by CDDO-Me. (B) Total number of cells after IR. Mean ± SEM of triplicates.
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Click here for additional data file.
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